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摘 要 
硅氢和铝氢化合物都是有机合成化学中非常重要的氢化试剂。本论文研究了硼基
硅氢化合物与系列联多重键有机分子的反应化学，同时也设计合成了一种具分子内
N/Al 松散 Lewis 酸碱对特性的铝氢化合物，探讨了其与系列有机分子和 16 族元素的反
应化学。具体的研究工作包含如下两大部分。 
1、含五氟苯硼基的芳胺基硅氢化合物与系列联多重键有机分子的反应化学研究 
通 过 多 步 法 高 产 率 地 合 成 了 含 五 氟 苯 硼 基 的 芳 胺 基 硅 氢 化 合 物
RSiMe(H)C(Ph)=C(C6F5)B(C6F5)2 (R = N(SiMe2Ph)-2,6-iPr2C6H3, 1)，随后考察了 1与联
多重键分子碳二亚胺、联烯、烯亚胺和烯酮的反应。化合物 1 与碳二亚胺 CyN=C=NCy
和 iPrN=C=NiPr 反 应 生 成 C3BSiN2 七 元 环 化 合 物
RMeSi(CyNCH=NCy)C(Ph)=C(C6F5)B(C6F5)2 (2) 和 RMeSi(Me2CHNCH=NCHMe2)-
C(Ph)=C(C6F5)B(C6F5)2 (3)。该反应经历 Si−H 键对 C=N 键的加成，同时未加成的 C=N
基团与 B 中心 N→B 键联形成大环结构产物。化合物 1 与联烯分子 CH2=C=CMe2 和
CH2=CH=CH(BOCMe2CMe2O)2 反 应 生 成 化 合 物 RMeSi(C6F5)C(Ph)=C(C6F5)B-
C6F5(CH2CH=CMe2) (4) 和 RMeSi(C6F5)C(Ph)=C(C6F5)BC6F5(CH2CH=CH-
((BOCMe2CMe2O)2)  (5)。该反应则是先发生基团交换生成 BH 键，然后进行 BH 键
对联烯分子中的一个 C=C 键加成，这是硼氢化加成反应的特点，但伴随着 C6F5基团的
迁移。化合物 1 与烯亚胺 Ph2C=C=NiPr 和 Ph2C=C=NSiMe3 反应生成化合物
RMeSi(N=CHCHPh2)C(Ph) =C(C6F5)B(C6F5)2  (6)。该反应体现的是对 C=N 双键的选择
性硅氢加成，但是引发了氮原子连接基团的消去。化合物 1 和烯酮 Ph(Et)C=C=O 反应
生 成 化 合 物 RMeSi(OCH=CPhEt)C(Ph)=C(C6F5)B(C6F5)2 (7) 和 RMeSi-
(O)C(Ph)=C(C6F5)B(C6F5) (8)。该反应发生硅氢对碳氧双键的加成，然后进一步发生
CO 键断裂和 C6F5基团迁移。化合物 28 都经过谱学、元素分析以及 X-射线单晶衍射
结构表征。这些反应都具有新颖性和独特性，化合物 1 可以看作是一种特殊的硼基硅
氢化试剂型的分子。 
2、分子内 N/Al 松散 Lewis 酸碱对特性的铝氢化合物的设计合成和反应化学研究 
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成功地合成了具有 N/Al 松散 Lewis 酸碱对（FLP）特性的铝二氢化合物[o-TMP-
C6H4AlH(μ-H)]2  (TMP = NCMe2CH2CH2CH2CMe2，10), 10 在加热条件下转化生成铝单
氢化合物(o-TMP-C6H4)2AlH (11)。进一步考察了化合物 10 和 11 与杂环芳烃分子的反
应。化合物 10 与 N-甲基-吲哚在 50 C 时反应生成化合物(o-TMP-C6H4)Al(3-C8H5NMe)2 
(12)；在 80 C 时生成化合物(o-TMP-C6H4)2Al(3-C8H5NMe) (13)。化合物 11 与 N-甲基-
吲哚在 70 C 反应也生成化合物 13。化合物 10 通过分子内 N/Al FLP 作用活化 N-甲基-
吲哚的 sp2-CH 键，进而引发脱氢气生成产物。这是首例 N/Al FLP 活化 sp2-CH 的反
应，也是一种合成铝芳基化合物的新方法。 
也考察了化合物 10 与系列炔烃和烯亚胺分子的反应。化合物 10 与两分子的苯乙
炔发生去质子化反应生成产物(o-TMP-C6H4)Al(C≡CPh)2 (15)；与一分子的 1-苯基-2-乙
基乙炔发生铝氢化加成反应生成(o-TMP-C6H4)AlH(CPh=CHEt) (16)；与一分子的 1-苯
基-2-三甲基硅基乙炔反应则是先发生铝氢加成反应，进而经 N/Al FLP 的作用发生 sp2-
C–H 键活化脱氢气反应生成化合物(o-TMP-C6H4)AlH(C6H4-o-CH=CSiMe3) (18)。化合物
10 分别与一分子的烯亚胺 Ph2C=C=NiPr 和 Ph2C=C=NDipp 反应生成 (o-TMP-
C6H4)Al(C6H4-o-CPh=CHNiPr) (21)和(o-TMP-C6H4)Al(C6H4-o-CPh=CHNDipp)  (Dipp = 
2,6-iPr2C6H3, 22)。该反应历程与生成 18 的过程类似，但是发生铝氢对 C=N 双键的加
成。 
紧接着研究了 10 与腈、亚胺、醛、酮以及内酯分子的反应。化合物 10 分别与二
苯乙腈和 2,6-二异丙基苯基环己基亚胺发生铝氢对 CN 和 C=N 不饱和键的加成，生成
产 物 [(o-TMP-C6H4)AlH(N=CHCHPh2)]2 (19) 和 (o-TMP-C6H4)AlHN(Cy)-2,6-iPr2C6H3 
(20) ；与萘基甲醛和二苯甲酮发生铝氢对 C=O 键加成生成化合物 [(o-TMP-
C6H4)AlH(OCH2C10H7)]2 (23)和[(o-TMP-C6H4)Al(OCHPh2)]2 (24)；与苯并环内酯则发生
铝氢对 C=O 双键加成并环内 CO 断裂以及 Al–H 键的二次加成反应，生成产物[(o-
TMP-C6H4)AlH (OC6H4-o-CH2H2O) ]2  (25)。 
最后考察了 10 与苯胺、吲哚、酚类活泼质子氢化合物以及 16 族元素 S 和 Se 的反
应。化合物 10 与一分子的 2,6-二异丙基苯胺发生脱质子反应生成化合物[(o-TMP-
C6H4)AlHNH-2,6-iPr2C6H3]2 (28)；与一分子和两分子的吲哚脱质子反应分别得到产物
[(o-TMP-C6H4)Al(NC8H6)(μ-H)]2 (29) 和[(o-TMP-C6H4)Al(NC8H6)2] (30)；与五氟苯基酚
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的反应与此类似，生成化合物(o-TMP-C6H4)AlHOC6F5 (31)和(o-TMP-C6H4)Al(OC6F5)2  
(32)。化合物 10 分别与 S 和 Se 发生还原并氢气分子脱除生成类立方烷结构的化合物
[(o-TMP-C6H4)Al]4S4 (26)和[(o-TMP-C6H4)Al]4Se4 (27) 。 
所有新生成的化合物都经过谱学和元素分析表征，化合物 1013、1824、2426
以及 2829 还进一步通过 X-射线单晶衍射结构确认。这些研究揭示了 N/Al 松散 Lewis
酸碱对特性的铝氢化合物 10 的独特的反应化学。 
关键词：硅氢化合物；铝二氢化合物；硼基硅氢化合物；N/Al 受阻路易斯酸碱对；
硅氢化反应；铝氢化反应；sp2-C–H 键活化 
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Abstract 
Both organohydrosilanes and organoaluminium hydrides are the hydrogenation reaction 
reagent compounds that are widely utilized in organic syntheses. This thesis studies on the 
reaction chemistry of the borylsilane with a series of allene-type unsaturated organic 
molecules. The aluminium hydrides with an N/Al frustrated Lewis pair (FLP) character have 
also been synthesized and used to study the reaction chemistry with a wide range of organic 
molecules and group 16 elements. The work focuses on two parts shown as follows. 
1. Study on reaction chemistry of a pentafluorophenylboryl group-contained 
aryl(silyl)aminohydrosilane with allene-type unsaturated organic molecules 
Pentafluorophenylboryl group-contained aryl(silyl)aminohydrosilane 
RSiMe(H)C(Ph)=C(C6F5)B(C6F5)2 (R = N(SiMe2Ph)-2,6-iPr2C6H3, 1)has been prepared with 
a good yield through multi-step reactions, and its reaction chemistry was studied with allene-
type unsaturated organic molecules including carbodiimide, allene, ketenimine, and ketene. 
Compound 1 reacted with CyN=C=NCy and iPrN=C=NiPr to give seven-membered ring 
compounds RMeSi(CyNCH=NCy)C(Ph)=C(C6F5)B(C6F5)2(R=N(SiMe2Ph)-2,6-iPr2-C6H3) (2) 
and  RMeSi (Me2CHNCH=NCHMe2)C(Ph)=C(C6F5)B(C6F5)2 (3), respectively, in which a 
SiH bond addition to the C=N bond as well as N atom coordination at the B center were 
found. The reaction of 1 with CH2=C=CMe2 and CH2=CH=CH(BOCMe2CMe2O)2 readily 
generated products RMeSi(C6F5)C(Ph)=C(C6F5)BC6F5(CH2CH=CMe2) (4) and 
RMeSi(C6F5)C(Ph)=C(C6F5)BC6F5(CH2CH=CH(BOCMe2CMe2O)2)  (5), which occurred by 
a BH bond addition to the C=C double bond under a simultaneous migration of the C6F5 
group from the B atom to the Si atom. The reaction of 1 with Ph2C=C=NiPr and  
Ph2C=C=NTMS (TMS = SiMe3)  both yielded a five-membered ring compound 
RMeSi(N=CHCHPh2)C(Ph)=C(C6F5)B(C6F5)2 (6). This product was formed via a SiH 
addition to the C=N bond accompanying with an elimination of either the iPr or TMS group 
connected at the N atom. In addition, compound 1 reacted with Ph(Et)C=C=O to afford 
compounds RMeSi (OCH=CPhEt)C(Ph)=C(C6F5)B(C6F5)2 (7) and 
RMeSi(O)C(Ph)=C(C6F5)B(C6F5) (8). The former is as a result by a SiH addition to the C=O 
bond whereas the latter is formed due to a cleavage of the CO bond followed by a migration 
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of the C6F5 group when upon heat treatment.  The compounds 28 have been characterized by 
NMR and IR spectroscopy, CHN elemental analysis, and X-ray crystallography. These 
studies revealed a novel reaction chemistry of compound 1. This compound might be 
considered as a useful hydride reagent. 
2. Study on synthesis and reaction chemistry of aluminium hydrides with an N/Al frustrated 
Lewis pair (FLP) character 
A new type of aluminium dihydride [(o-TMP-C6H4)AlH(μ-H)]2  (10) has been prepared, 
which featured an N/Al frustrated Lewis pair (FLP) character. Upon heat treatment, 
compound 10 was transferred into a monohydride (o-TMP-C6H4)2AlH (11). Treatment of 10 
with N-metyl indole at 50 C gave (o-TMP-C6H4)Al(3-C8H5NMe)2 (12) while at 80 C 
another compound (o-TMP-C6H4)2Al(3-C8H5NMe) (13) was produced. Reaction of 11 with 
N-metyl indole at 70 C gave 13 as well. This reaction involves a sp2-C–H bond activitation 
under interaction by the intramolecular N/Al frustrated Lewis pair, forming heteroaryl 
aluminum compound under an elimination of H2. This is a new route to the arylaluminium 
compound. 
The reaction of 10 with terminal alkyne PhCCH afforded deprotonation compound (o-
TMP-C6H4)Al(C≡CPh)2 (15) while that with with PhC≡C(Et) gave hydroalumination product 
(o-TMP-C6H4)AlH(CPh=CHEt) (16). The reaction of 10 was also carried out with 
PhC≡CTMS to produce (o-TMP-C6H4)AlH(C6H5-o-CH=CSiMe3) (18) in which an initial 
hydroalumination happened followed by an elimination of H2 through a sp
2
-C–H bond 
activitation. The reaction of 10 with ketenimine gave compounds (o-TMP-C6H4)Al(C6H4-o-
CPh=CHNiPr) (21) and (o-TMP-C6H4)Al(C6H4-o-CPh=CHNDipp)  (22), respectively, 
undergoing similiar reaction modes like that to 18。 
Furthermore, the reactions of 10 with organic molecules nitrile, imine, aldehyde, ketone 
and lactone were also investigated. Treatment of 10 with diphenylacetonitrile and 
DippC=NCy respectively, generated (o-TMP-C6H4)AlH(N=CHCHPh2) (19) and (o-TMP-
C6H4)AlHN(Cy)-2,6-iPr2C6H3 (20), both via an AlH addition to the CN and C=N bonds. 
The reactions of 10 with 2-naphthaldehyde and Ph2C=O produced [(o-TMP-
C6H4)AlH(OCH2C10H7)]2 (23) and [(o-TMP-C6H4)Al(OCHPh2)]2 (24) respectively. When 10 
was used for reacting with 2-coumaranone, compound [(o-TMP-C6H4)AlH(OC6H4-o-
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CH2CH2O)]2 (25)  was yielded as a result by an AlH addition to the C=O bond followed by 
a cleavage of CO bond. 
Finally, we have finished the reactions of 10 with aniline, indole, phenol and group 16 
elements of S and Se. In these reactions the deprotonation products as [(o-TMP-
C6H4)AlHNH-2,6-iPr2C6H3]2 (28), [(o-TMP-C6H4)Al(NC8H6)(μ-H)]2 (29), [(o-TMP-
C6H4)Al(NC8H6)2] (30), (o-TMP-C6H4)AlHOC6F5 (31), and (o-TMP-C6H4)Al(OC6F5)2 (32) 
were formed. Another type of compounds as [(o-TMP-C6H4)Al]4S4 (26) and [(o-TMP-
C6H4)Al]4Se4 (27) was obtained under reduction.  
All of the new products were characterized by NMR and IR spectroscopy and CHN 
elemental analysis, of which compounds 1013, 1824, 2426 and 2829 were further 
characterized by X-ray crystallography. All of these results manifest a rich reaction chemistry 
of the aluminium hydrides with the FLP character. 
Key Words: Hydrosilane; Aluminium hydride; Pentafluorophenylborane-hydridosilane; N/Al 
frustrated Lewis pair (FLP); Hydroalumination; Hydrosilation; sp
2
-C–H activitation 
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第一章 绪论 
1 
 
第一章 绪 论 
硅在地壳中的含量是 25.7%，仅次于氧元素；铝在地壳中的含量是 7.73%，是地壳
中含量最多的金属元素。含硅和含铝的有机或金属有机化合物广泛应用于反应试剂、
有机材料、储氢材料、机械工程、航空航天、生物医学、电子学等领域[1-14]。有机硅氢
和铝氢化合物是一类重要的氢化物，在合成有机硅、铝化合物中扮演着重要角色，一
直以来是化学家研究的重点和热点。 
1.1有机硅氢化合物 
1.1.1 B(C6F5)3 促进羰基化合物硅氢化反应 
1857 年，德国化学家 Buff 和 Wöhler 首次报道了硅氢化合物 SiH4，即利用盐酸和
Si/Al 合金反应制备[15]，该研究揭开了有机硅化学的序幕。硅氢化合物是一种优异的氢
化试剂，但是用于有机分子的氢化反应需要过渡金属[16-31]催化剂的作用，因为 SiH 本
身的反应性相对于其它金属氢化物要弱很多。近年来，B(C6F5)3 促进的硅氢化反应的研
究引起许多化学家的关注，他们报道了 R3SiH/B(C6F5)3体系用于多种不饱和键分子的加
成、还原以及羰基脱氧等一系列反应。 
1996 年 Piers 等人[32]报道了催化量的 B(C6F5)3和 1 倍当量的 Ph3SiH 组成的体系可
在室温下使芳香酮、醛和酯等发生硅氢化反应，生成相应的硅醚，产率达到 96%。这
是首次将 B(C6F5)3用于促进硅烷对羰基的硅氢化加成反应（Scheme 1.1）。该反应中，
硅氢化的反应速率是酯类大于酮大于醛，并且当羰基的对位为吸电子基团 NO2 和 Cl
时，反应速率更快。需要注意的是控制 Ph3SiH 为等当量对得到高产率的硅醚非常关
键，因为过量的 Ph3SiH 会导致硅醚进一步还原。 
 
Scheme 1.1 B(C6F5)3-catalyzed hydrosilation of aldehyde, ketone, and ester molecules 
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